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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement.

MULTIPLY > BY —— > TOGET

TO GET < BY «———— DIVIDE
angstrom 1.000 000 X E -10 meters (m)
atmosphere (normal) 1.01) 25 X E +2 ki{lo pascal (kPa)
bar 1.000 000 X E +2 kilo pascal (kPa)
barn 1.000 000 X E -28 weter? (m?)
British thermsl unit 1.054 350 X E +3 joule (J)

(thermochemical) _

calorie (thermochemical) 4.184 000 joule (J)
cal (thermochemical)/ca? 4.184 000 X E -2 mega joule/m? (MJ/m?)
curie 3.700 000 X E »1| giga becquerel (GBq)*

degree (angle)

degree Fahrenheit

electron volt

erg

erg/second

foot

foot-pound-force

gallon (U.S. liquid)

inch

Jerk

joule/kilogram (J/kg)
(radiation dose absorbed)

kilotons

kip (1000 1bf)

kip/inch? (ksi)

kcap

micron
oil
mile (international)
ounce
pound-force (lbf avoirdupois)
pound-force inch
pound-force/inch
pound-force/foot?
pound-force/inch? (psi)
pound-mass (lbm avoirdupois)
pound-mass-foot?

(moment of inertia)
pound-mass/foot?

rad (radiaction dose absorbed)
roentgen

shake
slug
torr (mm Hg, 0°C)

1.745 329 X E -2

T w(t*f£+459.67)/1.8

15602 19

1.000 000
1.000 000
3.048 000
1.355 818
3.785 412
2.540 000
1.000 000
1.000 000

4.18)

4.448 222
6.894 757
1.000 000

1.000 000
2.540 000
1.609 344
2.834 952
4,448 222
1.129 848
1.751 268
4.788 026
6.894 757
4.535 924
4.214 011

1.601 846

1.000 GO0
2.579 760

1.000 000
1.459 190
1.333 22

XE-19
XE =7
X E =7
XE-1
XE -3
X E -2
X E +9
X E +)
X E +)
X E +2
X E -6
X E -5
X E +)]
XE -2
X E -1
X E 2
X E <2
XE ~1I
X E ~2
X E +I
X E -2
X E -4
X E -8
X E I
X E -1

radian (rad)
degree kelvin (K)
joule (J)
joule (J)
wvate (W)
meter (m)
joule (J)
mecer? (a’)
meter (m)
joule (J)
Gray (Gy)#*

terajoules

newton (N)

kilo pascal (kFa)

newton~second/m?
(N-3/m?)

meter (m)

meter (m)

meter (o)

kilogram (kg)

newton (N)

newton-meter (MN'm)

newton/meter {(N/m)

kilo pascal (kPa)

kilo pascal (kPa)

kilogram (kg)

kilogram-meter?
(kgen?)

kilogram/meter?
(kg/m?)

Cray (Gy)*»

coulomb/kilogram
(C/kg)

second (s)

kilogram (kg)

kilo pascal (kPa)

* The becquerel (Bq) is the SI unit of radiocactivicy;
**The Gray (Gy) is che SI unit of absorbed radlation.
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1 Bq = | event/s.
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SECTION 1
INTRODUCTION

Recent concerns about the possible environmental and biological effects of radiated
electromagnetic (EM) fields have lead to an increased desire to predict and control such fields
at locations away from their source. For system-level electromagnetic pulse (EMP) testing,
large-scale bounded-wave simulators have been constructed for the purpose of illuminating
operational systems with a fast-rising, large-amplitude transient EM field. Although the
behavior of the electric fields (E-fields) and the magnetic fields (H-fields) in the working
volume of most EMP simulators is well understood and documented, little attention has been
paid to the fields outside the simulator at distances of up to several tens of kilometers. The
behavior of the fields at these distances depends not only on the details of the simulator
structure and its pulser source, but also on the nature of the lossy ground terrain over which
the fields propagate.

An example of such a concern is the effort by the Defense Nuclear Agency (DNA) to
measure the behavior of the E- and H-field environments produced by the Advanced Research
EMP Simulator (ARES). This simulator, owned and operated by DNA, is a type of bounded-
wave simulator that maintains most of its EM field environment within the working volume.
Some fields, however, are able to radiate away from the simulator, and it is important to
characterize them.

This report discusses a calculational model for predicting these fields, and estimates
EM such fields on the ground and in the air at different locations away from the simwlator.
Section 2 evaluates the EM fields radiated from the simulator by first determining the current
flowing on the simulator plates. This is done by approximating the parallel-plate ARES
simulator as a two-conductor line using TEM transmission line theory. Then, the expressions
developed by Norton for the fields produced by infinitesimal vertical and horizontal current
elements over the lossy earth are used as a Green's function to determine the E- and H-fields at
field points by integrating over the simulator currents. As this formulation is in the frequency
domain, a numerical fast Fourier transform (FFT) is used to obtain the transient field
responses.

Since this model invokes approximations, an important aspect of this analysis is to
validate its accuracy. This is discussed in Section 3. A previous experimental program has
lead to a limited field-mapping of transient H-fields on the earth's surface. Both waveforms
and peak transient fields are available for measurement poiats at distances on the order of
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several kilometers away from ARES. The calculated fields agree favorably with these
measurements on the ground. A measurement of the H-fields at one point in the air above the
simulator has also been made, with quite good agreement with the calculated results.
Additional measurements are currenti, being planned.

This model is then used in Section 4 to predict and assess the behavior of the radiated
E- and H-fields of the simulator at different observation locations on the ground and in the air.
It is found that as the ground observation location moves away from the simulator, the peak
transient fields tend to fall off faster than 1/r, principally due to the attenuation of the Norton
surface wave.

A potentially important issue is determining the effect that the irregular terrain around
ARES might have on the radiated fields. A preliminary investigation into this effect is
discussed in Section 5. Furthermore, this model can be used to address the effects of changing
the ARES pulser rise time on the reiated field. This is discussed in Section 6. Section 7
provides a brief description of the computer software developed for this model, and the report
concludes with a summary in Section 8.
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SECTION 2
THE CALCULATIONAL MODEL

2.1  ARES PHYSICAL CONFIGURATION.

ARES is a bounded-wave, transmission line simulator [1,2] located over a lossy
ground. As shown in Figure 2-1, it consists of a source (pulser) and a terminating load
connected together by a top and bottom piate constructed of wire. The plates are in the form
of three disunct parts: an input conic section, a parallel plate section, and an output conic
section. The geometry and dimensions of these sections are chosen so that the transverse
electromagnetic (TEM) wave impedance of the 3-section, 2-conductor system is approximately
constant, having a value Z, =125 Q.

Top Wire Plates .
Pulser Building  Ground Plane Working Volume
Oil and input Conic / (33m x 40m x 40m)
Gas Box Section

-

" Output Conic
N Section

erminator

= ==

Underground
Manway Sensors

DACC
Shielded Instrumentation Room

Figure 2-1. The ARES simulator.

The pulser source launches an EM wave into the input conic section and it passes
through the parallel plate "working volume" section. Since the terminating load is matched to
this characteristic impedance to avoid reflections from the end of the simulator, the wave is
mostly absorbed at the end of the output section. Test objects located within the working
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volume are exposed to a transient E-field with a peak of about 50 kV/m. Figure 2-2a
illustrates a typical time domain waveform within the ARES working volume at a location of
78 meters from the pulser. The zero-to-peak rise time of this field is slightly under 10 ns.
Figure 2-2b shows the corresponding frequency spectrum for this environment, and illustrates
that frequencies from near dc to over 100 MHz are present in the waveform. This wide band
nature of the excitation field requires that the model for predicting the radiated fields from this
simulator must also be wide-band.
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Figure 2-2. The vertical E-field environment within the ARES working
volume, measured at 78 meters from the pulser.




The behavior of the ARES working volume fields is well-known, with detailed
mathematical models available [3,4,5]. These fields have also been mapped experimentally [6].
However, only a limited amount of information is available about the fields outside the
simulator. An order-of-magnitude estimate of these fields has been reported [7] and some
measurements of H-fields on the ground at distant locations have been described [8].

2.2  ARES ELECTRICAL MODEL.

To develop a model for calculating the radiated fields, certain idealizations of the
simulator structure are required. As shown in Figure 2-3, the terrain around the simulator is
modeled as a flat imperfectly conducting half-space with a conductivity o,. Both the pulser
and the termination are assumed to be spatial points without geometrical structure, and the
electrical conductivity of the parallel plates of the simulator is neglected.

The coordinate system used for this study is shown in Figure 2-3a. The x-axis is along
the long direction of the simulator and the z-axis is vertical. The origin of the coordinate
system is located on the ground, 20 m directly below the pulser. The location of an arbitrary
point and a vector field at this point can be described either by Cartesian (x,y,z) coordinates,
spherical coordinates (r, 6, @), or cylindrical coordinates (o, ¢,z). These coordinate systems are
used interchangeably throughout this report.

Because the field observation locations are assumed to be at distances much greater
than the simulator transverse dimensions, a further simplification of the structure can be made.
This 1s shown in Figure 2-3b. For the purpose of computing the radiated fields, the simulator
plates are replaced by thin-wire segments. This approximation requires that the field points not
be closer than several simulator dimensions in order for the calculated fields to be accurate.

2.3 THE ANALYSIS PROCEDURE.
2.3.1 General Considerations.

As shown in Figure 2-3b, the simulator is modeled as a lossless transmission line with
separate sections for the wave launcher, the working volume and the termination section.
Each section has the same characteristic impedance, but the radiation characteristics are
different for each, due to different directions of current flow.

In the frequency domain, the E-field produced at a field point 7 is expressed as an
integral over the simulator current distribution using a Green's dyadic function [9,10] as
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EF)= | T, 7)) J (7)dr" . 2.1)

Simulator
Here J,(F') is the surface current distribution flowing on the ARES plates, and ?(F; 7')is the
Green's dyadic for the electric field. This dyadic function may be thought of as a 3 by 3 matrix

of the E-field components arising from three orthogonal point current elements radiating in the
presence of the lossy earth.

Radiated
Fields

Pulser : T \ Load
. X
. ., L , Ground Plane
) 78 11 189 Distanceinm
(a) Simplified ARES geometry
Pulser
Load

(b) Wire model of ARES

Figure 2-3. ARES electrical model and coordinate system.




The simplification of the simulator structure shown in Figure 2-3b reduces the two
dimensional surface integration of Equation 2.1 to a line integral over the wire segments
comprising the simulator. This improves the calculational efficiency of the model, but the
validity of this approximation breaks-down as the observation location becomes too close to
the simulator. With the coordinate & representing the distance along the wire segment in
Figure 3b and % the unit vector in the direction of the wire, the radiated E-field is calculated
by

EF)= [TF:9-E1QdE . 22)

Conductors

The task of evaluating the radiated field, therefore, is to evaluate Equation 2.2. To do
this, the current on the simulator /(£) must be determined, the Green's function ?(F F')
defined, and the indicated integration performed. This analysis is performed in the frequency
domain, with transient results being computed using the FFT [11].

2.3.2 Transmission Line Model For The Simulator Current.

The current distribution on the simulator can be determined using a lossless
transmission line model shown in Figure 2-4. Because the characteristic impedances of the
three simulator sections are equal, a single line with a total length L = 194 m is sufficient to
describe the behavior of this current. The characteristic impedance of the line is Z, = 125 Q,
and the propagation constant is y = jk = ja/c, where c is the speed of light in free space. This
model neglects the presence of the earth in the determination of the simulator current. That
this is a valid approximation may be seen from the fact that most of the simulator current and
charge is on the plates, well away from the earth and its influence.

Input Working  Termination
Pulser Section , Volume Section Load
Zin IEw
+ + + g
Vo) Ve o Ve Zy z,
- ; e .
0 E-—> : L

Figure 2-4. Transmission line model for the simulator current.




For the matched line, Z; = Z,, and the line voltage and current at an arbitrary point &
along the line are expressed simply as forward propagating traveling waves [12,13] as

V(@) =V, (@)e I*¢ (2.32)
and
I(&,0) = VO—Z(“Qe‘f" s (2.3b)
(4

Note that the coordinate & is measured along the simulator plates as shown in Figure 2.3b, and
is different from the x-coordinate in the launching and the termination sections.

The source term V(@) can be approximated in terms of the measured electric field
Eo(&,, @) in the working volume at a point & = &, as

+jks,

Vo(@) = Eg(éga) h e 2.49)

Here h is the working volume height of 40 m. The exponential in this equation contributes to a
phase function, which amounts to a shift in the time domain of 7 = &,/c  Thus, the time
domain waveform of Figure 2-2a and the corresponding spectrum of Figure 2-2b represent the
simulator excitation voltage, when multiplied by A and shifted by the appropriate time. In the
development to follow, we assume that the t = 0 reference point occurs when the pulser first
fires.

More general expressions for the source term V(@) and the input impedance of the
pulser Z;;, can be developed for a line having an arbitrary load. However, these are not needed
in the present case, due to the fact that the line is assumed to be perfectly matched.

2.3.3 Evaluation of The Radiated Fields.

To calculate the E- and H-fields radiated by the simulator, we need to integrate over
the current distribution, as in Equation 2.2. To do this, the total current distribution can be
represented by a distribution of electrically small current elements /d£ as shown in Figure 2-5.
We use about current 10 elements per wavelength and compute the total radiated fields by
summing over these current element contributions as an approximation to the continuous
integral.




@ Observation

Location

Sum of Many Individual
Current Radiated Fields

Elements

>,
29 .I‘
e

Figure 2-5. Discrete simulator current elements producing a radiated
field.

The evaluation of the integral in Equation 2.2 requires a knowledge of the Green's
dyad, ?(F ;7). This may be obtained by computing the radiated fields produced by an
infinitesimal current element located over a lossy earth, as shown in Figure 2-6. The EM field
at the observer's location consists of 3 components: a direct wave, an earth-reflected wave, and
a surface wave propagating along the earth-air interface [14). Previous investigations into the
behavior of these fields indicate that for both the current source and a distant observer
positioned on or near the ground, the surface wave is the most important component. For the
observer located well above the earth, the surface wave is negligible and the response is due
mainly to the direct and earth-reflected fields.

The theoretical development for determining the fields from a current element has been
described in references [14,15,16]. This theory is well-established and will not be re-derived
here; only the results are summarized. For convenience in developing the expressions for the
radiated fields from an arbitrarily oriented current element, the current is decomposed into a
vertical and horizontal component. Generally, the vertical current element will radiate more
efficiently in the presence of the ground than will the horizontal element. As most of the
current on ARES is horizontal, it is expected that the radiation from the simulator will not be
as large as for the case of a vertically polarized dipole (VPD) simulator. This view is
consistent with the bounded field nature of ARES.




Source
1ot

Direct Wave

Observation
Location

Reflected

Surface Wave —

Wave

Earth

NN N
Reflaction
Point

Figure 2-6. Field components produced by an infinitesimal current
element over the earth.

2.3.3.1  E-field From a Vertical Current Element. Figure 2-7 illustrates the pertinent
geometry for the E-field produced by a from vertical current element. Due to the azimuthal
symmetry of the vertical current element, the fields are rotationally symmetric about the z axis.
As discussed by Norton [15], the rigorous formulation for the E-fields produced by this current
element is described by the formulation of Sommerfeld. This solution can be approximated by
considering wave contributions directly from the current element, from a fictions "image"
source in the ground with an appropriate multiplicative coefficient, and from a surface wave.
It is known that as the earth becomes perfectly conducting, the surface wave term vanishes,
and the image term becomes the normal image representing the reflection of the fields in the
perfect ground.

Source
Element

106 P —

Observation
Location

Image

Element t
t g 2,

Figure 2-7. Geometry for a vertical current element.
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The E-field components produced at an observer location by the direct and image
sources are most suitably e..ressed in cylindrical coordinates (0, ¢,z). These are given in [14]

as
‘jkr 1 -—jkT 2
. 2 e 2 €
E, =-j30k1df| cos” y; —+ R cos” y, (2.5a)
! 2
and
_fkr 1 ‘jk7' 2
. . e i e
E 5= 30k Jd¢| cos y;sin +R, cosy, siny, (2.5b)

In these expressions, the terms 7 and y represent the distance and the wave-path angles
for the primary current element and for its image, as indicated in Figure 2-7. In developing
these equations, it is assumed that the frequency is sufficiently high so that &» = aw/c >>1, and
the static and quasi-static (induction) fields are neglected. Thus, only the //r radiation fields
are retained.

For a transient analysis using a FFT, it is clear that there will be some frequencies in the
wide-band spectrum that are too low for the above approximation to be valid. For example,
for an observer at # = 500 m, the frequency at which k» = 10 is about 955 kHz. Below this
frequency, the use of only the far-field radiation component is not strictly justified. With
reference to the ARES excitation spectrum of Figure 2-2b, it is seen that there are several
frequency points in this region and the calculations will be in error there. In the time domain,
however, this low-frequency error in the spectral response translates to errors in the late-time
waveform, or possibly to a dc baseline shift. Many times we are more interested in the early-
time waveform attributes, such as the rise time or the peak value. Low frequency spectral
errors have been seen to have a negligible effect on these parameters in most cases, especially
for the fields far from the simulator.

The term R, in Equation 2.5 is the Fresnel reflection coefficient for vertical polarization
which is expressed in [17] as

(
o o
£ (1+———g— sinwz— g |1+ g —cos2 ¥y
8l jwe ¢ &l  jos &
R = \ g0 \ go .6)
v ( c ( ag 2 . ~
e |1+ & Sir Yy +. € I+ —cos” y,
L joe €, 8l jwe e,

\ g \ g
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The parameter og is the earth conductivity, &g is the relative earth dielectric constant, and &, is
the free-space dielectric constant of 8.854 x 10-12 (F/m). Note that the angle y, corresponds
to a plane-wave incidence angle at a specular reflection point, as indicated in Figure 2-7.

The approximate expressions for the Norton surface wave components of the E-field
are summarized in reference [14] as

-~ jkr.
612

E, = -j 30k Jdg (I—Rv)(l—uz +u? cos? Wz)F(Z) (2.72)

and

[ 22 sin” ¥y e—jh2]
Ep:-j30k1d§ (I—Rv)u 1-u®cos” y, (1+ > ) F(x) . J . (2.7b)
2

In these equations, ut =1/ (sg - j(ag/ weo)) , F(p)=1- j,/;rze—lerfc( j\/;) , and the

parameter % is

2 2

L2 2
—ﬂo‘zu (l—u cos "'2) sin v,
xr= 5 1+

(2.8)
qu - u2 0052 ¥y

23.3.2  E-field From a Horizontal Current Element. The E-fields radiated by a horizontal
current element are slightly more complicated, due to the absence of symmetry about the z
axis. As shown in Figure 2-8, the fields will depend on the cylindrical angle ¢ For this
horizontal source, the E-field components are expressed in Cartesian coordinates. For the
current element assumed to be directed along the x axis, the three components of the direct

and image radiation-zone E-fields are

s i)
E_ = j30k Id&cos ¢ sin y, cos y - R_sin y., cos y. (2.9a3)
z 1 ., 1% 2 2,
1 2
- jla'l - jkr2 - jkr1 - jkr2
y 2] .2 e 2 e 2 Je
E_=-j30k Id| cos” ¢f sin” ¥, =R, sin” y, +sin +R, (2.9b)
d! ) 1 $)
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~ jy - jhr, - jhr, - jkr
2 e
- R sin® y. + +R (2.9¢)
T, v 2 r. r, h 7.
1 2 1 2

e

E,, = - 30k Id¢ sin pcos sin y,

Observation
E, A Locauon
2
A
Source
Element s

ot M

tmage
Elemant

e l

S

Figure 2-8. Geometry for a horizontal current element.

In addition to the vertically polarized reflection coefficient, R, defined previously, these
expressions also use a horizontally polarized reflection coefficient, R, of the form [17],

‘ 2
sinwz- eg l+ja)a - —cos” v,
[/
R, = 2 . (2.10)
. ° 2
smw2+ eg 1+— —cos” v,
jwsgso

The corresponding Norton surface wave contribution to the E-fields for this current

element is also expressed in terms of cylindrical coordinates. Reference [14] gives these fields
as
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—jkr

2
e
Ez = j 30k Id&{cos @ u‘}l—uz cos? ¥, (I—RV)(l-u2 +u4 0052 wz)F(z)

r
2 (2.11a)
sin2 v,
x cosy, (1+ )
_jkrz
. 2 2 2,4 2 €
Ep=130k1d§cos¢u\’l—u cos wz(l—Rv)(I—u +u cos y/2)F(z)
r
2
1-sinl yr - (1-#,) F)
22 (1-, ) F
X uﬁ—u Cos .
2 1 22
—u”cos” y,
L J (2.11b)
_jk,.z
E =j 2 2 ( ) 2.4 2 e
= j 30k Id€|cos @ uy1—u” cos v, 1-R J(1-u” +u cos wz)F(x)
e Y n (2.11c)

x sina;(l—Rh)F(z')

The terms &, u, & F(y), and R, have been defined previously for the surface wave in Equation
2.7. In Equation 2.11, the parameter }’is given by

. 22 )
-jkrz(] —u”cos” y, siny,
xr= > 1+
2u

(2.12)
u\ll - u2 cos2 ¥,

2333  Simplifications for the Radiated Field = One of the difficulties in evaluating
Equation 2.2 by a direct numerical integration is that at high frequencies, many discrete current

elements are needed to adequately represent the integral. For example, at 60 MHz where the
wavelength 4 = 5 meters, current elements with a length /10 ~ 0.5 meters are required. To
compute the fields radiated from both the top and bottom plate currents, this requires about
775 segments. At 90 MHz, the required number of elements increases to over 1150. Becausa
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these calculations must be performed for many different frequencies to ultimately perform the
inverse FFT for the transient response, very long computer times can be expected for these
calculations.

In some cases it is possible to simplify integration in Equation 2.2. For cases when the
observation location is located far above the ground so that the surface wave contribution is
negligible compared to the sky-wave and reflected wave, considerable computational savings
can result from not having to evaluate functions F(§) and F(¢). Furthermore, if the
observation point is also sufficiently far from the simulator sc that |[’| >> L, where L is the
longest simulator dimension, Equation 2.2 reduces simply to integrations of exponential
functions which may be evaluated analytically. This is analogous to Fresnel diffraction theory

[14).

As a consequence of these simplifications, the radiated E-field components for distant
airborne locations can be computed by simply adding six analytical contributions from each of
the six wire segments, as shown in Figure 2-9. The ground interaction of these currents must
also be considered, and this amounts to considering another six image current se xments in the
earth. Thus, for any frequency, only 12 terms are summed to compute the radiated field. This
results in a dramatic savings in the computer time for these airborne field points.

Observation
Location

Sum of 6
Radiated Fields

Figure 2- 9. Simplification of the integration process for distant, airborne
observation points.

To determine the fields produced by one of the finite-length current elements (or their
images) in Figure 2-9, the solution to the canonical radiation problem shown in Figure 2-10
can be used. This is an isolated, straight vertical wire segment of length L, carrying a positive
traveling wave current of the form

I(z) = 1, evkz. (2.13)
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At frequencies such that kr >> 1, the far-field radiation produced by this line segment consists
of only a £ component [18], and for » >> L, this can be expressed as

e 0L ke jkecosd
Eg= j30ksin 61, [e~Jko jkGcost g (2.14)
To 0

The integral in Equation 2.14 can be integrated analytically to give
~ jhr,, (e~jk(1 -cosé)L _ 1)

r, (1-cos6)

Eg=~30sin 61,% 2.15)

A similar expression can be developed for a negative traveling current wave of the form
I(z) = 1, e*/k | but this is not necessary because the load impedance matching on ARES
implies that only forward traveling waves exist on the simulator.

Observation
Point

Traveling / r

Current P
Source

()
ol

Figure 2-10. Geometry for calculating the radiated fields from a wire
segment of length L.

The actual directions of the current elements in i .. -e 2-9 are not vertical, so the
resulting field in Equation 2.15 must be modified. This  ..ne by rotating the z-directed
current element to align with the direction of the actual cur: -+ iid then evaluating the rotated

Eg field in the Cartesian system. The details of this procedure are standard, and will not be
presented here. Furthermore, the fields produced by the image sources must be modified by
the Fresnel reflection coefficients to account for the imperfect ground.




2.3.3.4 Determination of the Magnetic Field. The previous discussion has been made with the

E-field taken as the principal observation quantity. The magnetic field is also of interest,
especially since the experimental programs usually have measured H. The evaluation of
explicit expressions for the H-field from the sky and earth-reflected wave components is a
relatively easy task. However, the determination of the H-field for the surface wave is more
difficult. In fact, explicit expressions for the H-field surface waves have not been found in the
literature. While it is possible to develop such expressions for this H-field component, an
alternative approach is to evaluate the total H-field from a knowledge of the E-field and the
Maxwell equation

VxE=-joufl . (2.16)

In Cartesian coordinates, the individual field components are

j _&‘z Ey-\
H == —2_-—= 2.17
X mﬂ- @ & ] ( a)
J[E, &,
H =-—|—2%*-—% 2.17b
Y o aul & & ] ( )
. F&; E 7
J pd X
H =LY _<=x 2.17
4 w‘lL & @, ] ( c)

Thus, the H-field can be determined from the spatial derivatives of the E-field. From a
numerical standpoint, this involves representing these derivatives by a finite difference
operator, which requires separate evaluations of the E-field at different spatial locations to
compute the H-field. Note that as @ — 0 the expressions in Equation 2.17 become undefined.
This suggests that at low-frequencies the evaluation of the H-fields will contain errors, due to
the numerical evaluation process. These errors, however, appear most noticeably at late times
in the transient response, and consequently, do not significantly affect the early-time peak
responses.
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SECTION 3
MODEL VALIDATION

It is important to validate the accuracy of the formulation and the numerical
implementation of this model. There are several ways of doing this, including a direct
comparison with experimental data and the careful examination of the transient radiated field
waveform characteristics. The results of both such checks are discussed in this section.

3.1 FIELD MEASUREMENTS ON THE GROUND.

An experimental program described in reference [8] resulted in the measurement of the
three vector components of the H-field at different ground locations away from ARES. These
points were located at distances between 1.9 to 3.3 km from the simulator. The vector
components of the measured H-fields consisted of a radial component, a vertical component,
and a component perpendicular to the two, which is parallel to the earth. These are shown in
Figure 3-1 as H, H, and H,, For the surface wave propagating away from ARES, the H .
component is usually the largest.

Radiated
Fields

H,
-H s Point #17
P €—— (x) = (-0.155,-1.595) km
Hp

Ground Plane

Figure 3-1. Radiated fields on the ground away from ARES.
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For observation location #17, defined by the (x, ,2) coordinates of (-0.155, -1.595, 0.0)
km, the measured transient H-field waveform components from [8] are shown in Figure 3-2a.
Figure 3-2b presents the magnitude of the total transient H-field, defined formally as
[H(t)| = \/Hi(t) + Hi(t) + Hi(t). At this location, the overall peak H-field was 0.37 (A/m).

T 1 { T
o.af- Petpendiculas 1o Radsal
0.2
€
2 o1
2
2 o0
2
§ 0.1 .
§ 0.2 hree orthogonal components of the magnefic eld. _|
Paraliel 1o Radial
i 1 ] 1 1
0 1 2 E) 4 5 6
Time (us)
(a) H-field components
T T T

£ O ! ! i
2 -
v & 0370 Nm
]
‘; 0.2 -
k Vector sum ol the three oﬂholgonal
g 0.20 componenis ol the magnetic lield. -
: —
: o
E o i
& o0 -
s
> 0.00/ 1 1. 1 i

0 1 2 3 4 5 6

Time (us)

(b) Total H-field

Figure 3-2. Measured H-field at location #17, from [8].
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As shown in Figure 3-2, point #17 is located almost due south of ARES. As a result,
the principal H-field component is almost completely parallel to ARES (i.e., in the x direction).
Thus, the measured principal component can be compared with the computed x-component of
the H-field radiating from the simulator. Figure 3-3a presents the calculated H, field
components at location #17 for a set of different earth conductivities, ranging from
og = 0.0005 to 0.005 S/m. Figure 3-3b illustrates the corresponding principal E; field
component at point #17. Because the earth conductivity varies with the water content of the
soil and is not accurately known, it is necessary to determine a reasonable value for this
parameter. A good comparison between the measured and calculated H-fields, both in
amplitude and waveshape, is obtained for an earth conductivity in the range of 0.002 to 0.005
S/m. Based on this comparison, the earth conductivity for the remainder of this study is taken
to be og = 0.003 S/m. This value is close to the value of 0.002 S/m estimated by DNA.

0.4 _
3
0.2 3
€ [ ;
> 0.0 -
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x-02 0.0005 3
[ 0.001 -]
-0.4 | 0.002 3
s 0.005 _51'
-0-6 Ci st o et gl iiiiatp e riaeeadasiagaagy
0 1 2 3 4
Time (uSec)
(a) H, field component
‘60 h‘l'_r'I[[lll]IT_II'I'_II1'|T||‘lll‘lﬂilr]lilll—|'|f
80 _:
- ]
£ of _
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~ -80 F 3
S : 0.0005 B
[ 0.001 m
-160 | 0.002 3
N 0.005 -
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(b) L, field component

Figure 3-3. Calculated principal H- and E-field components at point # 17.

20




With the above selected value of earth conductivity, field calculations in a 10 x 10 km
region surrounding ARES were performed. Contours of the resulting peak transient H-fields
are plotted in Figure 3-4. The contours in this plot represent lines of constant peak H-field in
A/m. Also shown on this figure are the locations of the test points from [8], along with the
maximum and minimum measured values. As may be noted from this figure, the agreement
between the experimental and calculated results is excellent.
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Figure 3-4. Contours of total peak H-field in A/m on the ground
(experimental points from [8] are marked by A).
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Although the corresponding E-field was not measured, its behavior is of interest. Figure 3-5
illustrates computed contours of constant E-field peak values (in V/m) on the ground around
ARES. This E-field is principally in the vertical (z) direction.
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Figure 3-5. Contours of total peak E-field in V/m on the ground.

It should be noted that the calculations for Figures 3-4 and 3-5 used 264 unique
observation locations within the region -5<x<5 and 0 <y <S5 km. The locations of these
points were randomly chosen within the region, and this resulted in a uniform distribution of
field points. Due to the symmetry of the simulator geometry, the fields for y < 0 were inferred
from the fields for y > 0. Obtaining the data for these plots required approximately 176 hours
of computer time on a 80386/80387 33 MHz PC. More details on the calculational
requirements for this model are provided in Section 7.
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3.2 FIELD MEASUREMENTS IN THE AIR.

Fields measured at an observation location in the air provide an alternate way of
validating the model. In December, 1991, DNA conducted a field test with an airborne B-dot
measurement system to acquire such data [19]. Unfortunately, due to equipment malfunctions,
a measurement at only one location was obtained. The measured peak H-field components are
shown in Table 3-1.  Also shown in the table are the corresponding calculated H-field
quantities. Due to the motion of the measurement equipment, the x-y-z coordinate axes of the
B-dot sensors may not have been aligned precisely with the x-y-z coordinates of the simulator.
Thus, the vector sum of the H-field components is a more accurate measure for comparison
purposes. The total H-fields agree to within about 7 %. The corresponding total E-field at
this location is computed assuming a plane wave relationship between E and H. This gives
E,r = 377 H,,; = 1104 V/m. Figure 3-6 presents a plot of the total transient H-field
magnitude computed for this observation location.

Table 3-1. Peak H-field components at (x,y,2) = (-1025, -1617, 61) m.

H-Field Component Measured Peak Computed Peak
Value (A/m) Value (A/m)
H, 0.245 0.228
H, 0.157 0.150
H, ©0.032 0.021
Hypy 0.293 0.273
0.3 [I‘TITTTIfTT_FT_FIIIIIII—T_TIIIIIIT[TIIIIII'II
L Peak at 0.273 A/m
T ;
£0.2 F -
> - ]
To0.1 K ]
i
.
0.0 iyt lllllllllJ_llJLLl_Llilng_LlLlLlﬁ
0.0 0.5 1.0 1.5 2.0
Time (uSec)

Figure 3-6.  Plot ot the calculated total transient H-field magnitude at (x,y,z) = (-1025, -
1617, 61) m.
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3.3 INVESTIGATION OF WAVEFORM CHARACTERISTICS.

Another method for validating the ARES analysis is to examine features of the radiated
waveform and check that the various times of arrival of its components are correct. For a
distant observation point (x,y,z) = (10,10,10) km, Figure 3-7 shows an example of the radiated
E, field component using an assumed perfectly conducting earth. This waveform contains
time-of-arrival information relating to various parts of the simulator structure. However, these
are masked by the pulser waveform variations that are shown in Figure 2-2a.

10 v Y 14 Y Y

2M *
o ' Pk

(Vim) {
_2 :-_ 1 k3
S ¢ H t

] s : W
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t t H *
i lJ : i !
-10 P i N

0 0.4 0.8 1.2 16 20

Time (us)

Figure 3-7. Radiated E, field at (x,y,z) = (10,10,10) km.

To see these waveform features more clearly, it is useful to consider the impulse
response of the simulator. Figure 3-8a shows a numerical approximation to a unit impulse
shifted in time to start at # = 0.1 us. The computed E, component of the radiated field at
(x,y.2) = (10,10,10) km for this excitation is shown in Figure 3-8b for a perfectly conducting
earth. Figure 3-8c shows the same radiated E-field component for a lossy earth with
og = 0.003 S/m. The actual radiated field shown in Figure 3-7 is the convolution of this
impulse response and the excitation waveform of Figure 2-2a.
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Figure 3-8. ARES impulse excitation (a) and radiated E. field responses
(b) and (c) at (x,y,2z) = (10, 10, 10) km.
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The radiated impulse response waveform of Figure 3-8b contains individual
components arising from discontinuities in the current flow on the simulator. For a uniform
segment of current, as shown in Figure 2-10, Equation 2.15 indicates that there will be a far-
field radiation contribution arising from each end of the segment where there is a discontinuity
in the flow of current. Thus, with reference to Figure 3-9, the radiation field at point O will
consist of contributions arriving from simulator discontinuity points A, A', B, B', C, C', etc.
Because the contribution from each of the ray-paths varies as point O moves, the radiated

waveform shape will vary as a function of the observation location.

Simulator

20m

A'

B Image D’

Figure 3-9. Waveform contributions at point O.

That the waveform in Figure 3-8b is reasonable can be determined by examining the
times of arrival of the various impulses. The first impulse at # = 0.1 us, arrives by the direct
path from the pulser source to the observer, (A-O). The second impuise is due to a wave
traveling from (A-B) and then from (B-0O). The time difference between the arrival of the first
and second responses is given by [(A-B)+(B-0)-(A-O))/c = 0.077 us. and this is clearly
indicated in the figure. A careful examination of the times of arrival of the other waveform
features has been performed, and the model has been shown to be providing the correct
response times.
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SECTION 4
NUMERICAL RESYILTS

With the ARES calculational model validated, a series of numerical expenments was
conducted to illustrate the behavior of the EM fields around the simulator. The results are
presented in this Section.

4.1 TRANSIENT FIELDS ON THE GROUND.

For ground observation locations very close to the simulator, TEM field models
suggest thst the radiated fields will be roughly 10% to 30 % of the working volume fields.
Furthermore, these fields should exhibit a significant amount of detail in the waveshape, as in
Figure 2-2a. However, as the observation location moves away from the simulator, the 1/7
fall-off of the fields produced by the simulator currents and the additional attenuation of the
Norton surface wave causes the field amplitude to drop. Also, because the high frequency
components of the waveform attenuate more rapidly with distance than the low frequency
components, it is expected that the radiated waveform will become smoother at large distances
on the ground.

Figure 4-1 shows the behavior of the three components of the transient H-field for
several different locations due north of the center of the ARES working volume. These
positions are given by (x,y,z) = (94.5, y, 0) m, where y varies from 50 m to 5 km. Note that
for this calculation, the earth conductivity was taken to be og = 0.002 S/m instead of the value
of 0.003 S/m. These fields behave as expected, with the H, component being the primary field
component far away from the simulator. Notice that each of the ordinate scales is different in
Figure 4-1. Figure 4-2 presents similar data for the E-field behavior at the same observation
locations.

42 DEPENDENCE OF GROUND FIELDS ON RANGE.

The calculated field data at the spatial points for Figures 3-4 and 3-5 are replotted as a
function of their ground range in Figures 4-2a and b. In addition to a radial dependence of
these fields, there is an angular vanation of the fields. Because the field observation locations
are at different angles ¢, these curves are not smooth. However, they do give an indication of
the average field behaves as the distance in increased. Also plotted in these figures is a //7
function, which clearly illustrates that these fields fall off faster than //. This is due to the
more rapid attenuation of the Norton surface wave.
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H-Field Components at (94.5, 50.0) m.
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Figure 4-1. Plots of the transient H-field components on the ground to

the North of ARES.
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4.3 IMPORTANCE OF THE SURFACE WAVE,

The Norton surface wave is essential for an accurate solution for the fields on the
ground. As discussed in [14], for a point current source and an observer located on a lossy
earth the direct and earth-reflected contributions to the field tend to cancel. This gives only the
surface wave as the main contributor to the response. For ARES, not all of the incremental
current sources are located exactly on the earth, so this observation is not strictly true.
However, it still is approximately correct, that far from the simulator, the ground fields are due
mainly to the surface wave.

To understand the importance of this effect, a study of the composition of the radiated
fields as a function of the observer height was conducted. An observer location of (x,y,z) =
(2, 2, z) km was chosen, with z varying from 0 to 500 m. Three different calculations of the
peak H- and E-fields were made:

1. A complete solution containing all wave contributions,

2. A partial solution containing only the direct and earth-reflected wave contributions, given
by Equations 2.5 and 2.9 (i.e., without the surface wave contributions),

3. A partial solution containing only the surface wave contributions, given by Equations 2.7
and 2.11.

The resulting H- and E-field peak values are plotted as a function of the height in
Figure 4-4. 1In this figure, the above three cases are labeled as "total", "sky wave", and
“surface wave", respectively. This plot illustrates that for heights above 100 meters of so, the
surface wave plays an unimportant role in determining the total field amplitudes. On the
ground, however, its importance is clearly evident.

4.4  TRANSIENT E-FIELDS ABOVE THE GROUND.

As discussed in Sectica 3.3, the shape of the radiated waveform above the ground will
vary depending on the relative positions of the scattering centers of the simulator. Figure 4-5
presents plots of the £y component ot che far-field waveform calculated for a airborne
observer at a constant radial distance of 20 km from ARES. With reference to Figure 2-3a, the
angle g is 0% and the values of 6 are 30°, 60°, and 85°. In these plots, the turn-on time of the
pulser has been shifted slightly so that the early-time portion of the waveform can be easily
seen. Note again that the ordinates of these plots are different. At this distance, the
corresponding H-field component is given by H (1) = E¢1)/377.
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Note that as the angle 6 becomes larger and the observation location comes closer to
the earth, the radiated field waveform changes its shape. It appears to change from a series of
more or less broad pulses to a waveform containing impulsive (delta function) contributions.
As mentioned earlier this behavior is related to the different times of arrival of field
contributions from the simulator diffraction points A, B, A', B', etc. in Figure 3-9 coinciding to
produce the sharp peak in the radiated field in the end-fire direction. This same behavior is
noted in the transient radiation pattern from a simple traveling-wave Beverage antenna.

4.5 SPATIAL PATTERN OF PEAK FIELDS IN THE AIR.

Spatial field maps of the peak H- and E-fields have also been calculated to provide an
idea of the variations in the radiated fields in the air. These plots can be thought of as being
similar to the field plots on the ground. Figure 4-6 shows the contours of the maximum H-
fields (in A/m) at altitudes of 50, 100, 250, and 200 meters. Figure 4-7 shows the E-field
peak data in a similar fashion. In both of these plots, the general trend of the fields increasing
near the termination end of ARES is evident.

An alternate way of understanding the behavior of the fields in the space above the
simulator is to use a 3-dimensional plot, similar to that of a radiation pattern. In such a plot,
the peak transient E or H-field in a particular angular direction specified by the coordinate pair
(6, ¢) is represented by the distance of a surface element from the origin. This is shown in
Figure 4-8 for several different view angles. In computing this plot, the fields were evaluated at
a constant radial distance of 20 km from the simulator, and the presence of the surface wave
was neglected. As a consequence, radiated E and H are simply related by the impedance of
free space.

Note that there is a distinct decrease in the transient peak in the direction
(6 @) = (75° 0°). This corresponds to the angle at which the observer is directly in line with
the end-fire direction of simulator segment (A-B) of Figure 3-9. Note also in Figure 4-8b that
as the observer comes close to the ground, the response becomes small, since the surface wave
is neglected in the analysis . However, as shown in Figure 4-4, the surface wave contribution
just on the earth's surface is not very large compared with the fields at higher altitudes.
Consequently, the absence of the surface wave in Figure 4-8 is not critical in illustrating the
overall shape of the peak radiated fields.
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(c) Top view toward

-z direction

\BLNA

(d) Front view toward -x direction

Figure 4.8, Spatial peak of distant E ang H-field patterns,
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4.6

The ARES field model will also permit the calculation of the E- and H-ficlds closer to
If the observer is too close to ARES, however, the assumption that the

the simulator.

simulator plate current can be approximated by a current filament is invalid, and the calculated
Rough estimates of this suggest that the observer should be at least
several plate widths away from the simulator structure for the model to be accurate. This

fields will be in error.

E AND H-FIELDS NEAR THE SIMULATOR.

suggests that the observation distance should be at least 100 m or more.

Keeping this limitation in mind, Figure 4-9 presents contours of the spatial variations of
the H-field peaks in a 500 x 500 m region surrounding ARES. Figure 4-10 presents the
behavior of the local E-field. Clearly the peak E-field is approaching the 30-50 kV/m levels in

the working volume. In these plots, the outline of ARES is shown.
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Figure 4-9. Contours of peak H-field (A/m) on the ground near the

simulator.

38




0.15

0.05

__1-0.05

1-0.15

0.25

07025 =015 -005 005 0.5 _ 0.2§..
2° }
0.15 | i
&
X o J
0.05 | §°°° 10000-4
? . ,_;4-00 7
>~ S '
-0.05 | 2400,
"%00,__|
| oy ]
-0.15 }
7,
i q’o\ 205, |
=02} 75 0.5 -0.05 005 D045 025
(km)

Figure 4-10. Contours of peak E-Field (V/m) on the ground near the
simulator.




SECTION §
ESTIMATES OF TERRAIN EFFECTS

The radiation of ARES fields is affected somewhat by variations in the local terrain.
The simulator is located at the bottom of a deep trough, and as seen in the measurements in
Figure 3-4, there is an asymmetry in the measured fields in the north-south direction. The high
frequency field components radiat>d from the simulator can be diffracted by the bluff
surrounding the simulator, and the low frequency components are affected by an additional
propagation loss due to the longer path that the surface wave must take to pass over the
irregular terrain.

Unfortunately, there is no analytical solution available to this problem. However, an
examination of the measured data indicates that this effect is not severe and the present flat-
earth model gives results that compare very well with measured data. However, to investigate
this terrain effect further, a low-frequency path-length correction model was developed to
account for the irregular terrain.

The ARES facility is located just off of a flat mesa area, as shown in the topographical
map in Figure 5-1. To the north of the simulator lies a bluff which is about 50 feet high, and to
the south is a gently sloping region. The ground contours in the vicinity of ARES were
digitized and used in a calculation of the variations of the surface wave path from the simulator
working volume to a distant ground observation point. Figure 5-2a shows the ground
contours in the vicinity of ARES, with the simulator outline indicated. Figure 5-2b shows a
surface plot of the same region.

For a wave from the simulator midpoint to a distant observation point, it travels along a
path as indicated by the straight line shown in Figure 5-2. For this particular path, Figure 5-3
shows the ground elevation as a function of the horizontal distance. The line integral along
this cut gives the actual path length over which the wave must travel, and the difference
between this value and the horizontal distance is the additional path length of the wave.
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Figure 5-4 shows the additional path length for an arbitrary ray path extending from the
simulator center to a very distant point defined by the cylindrical angle ¢ measured with
respect to the x-axis. The maximum additional path length is seen to be on the order of only 5
meters, and for many observation points which may not be very far away from the simulator,
the path difference is much less. Calculations of the surface wave response using these
different path lengths were performed, and some very small changes in the radiated fields were
noted. However, when the E and H field contours were plotted, they were virtual overlays of
Figures 3-4, and 3-5. This calculation substantiates the observation that the approximate
additional path-length terrain effects are of secondary importance in determining the ground
fields at large distances from the simulator. The accuracy of this approximation has not been

studied in detail, however.

6 | N B L I S A O B A O Y NN A O N O B A 0
- ]
~—~ E 3
Es4 E
£ ]
o E
52 ¢ E
s
o w0 T N W N T U U6 0 5 O 6 U6 U0 O O O 0 o s ' ORI
0 60 120 180 240 300 360
Angle ¢

Figure 5-4. Additional surface wave path-length.

43




SECTION 6
ARES PULSER RISE TIME EFFECTS

The ARES pulser has a rise time that can vary from about 2 to 10 ns. Using this
calculational model, it is possible to study the effect of this rise time on the radiated field. A
common misconception is that the radiated fields from such a simulator will be larger for a
faster-rising pulser waveform. This notion comes from the fact that the radiated field from an
infinitesimal current element /d¢ is proportional to the time derivative of the current. This
suggests that the faster the current changes, the larger the radiated field will be.

This fact is not true, however, for an extended current source. For the simple line
current source shown in Figure 2-10, Equation 2.15 gives the radi»ted E-field which has an
early-time response proportional to the current. Because the AREs iicids are produced by a
spatially extensive set of currents, it is expected that the radiated fields will not be strongly
dependent on the pulser rise-time.

To study the effect of different pulser rise-times, it is possible to consider pulser
waveforms having a different number of time sample points. This changes the effective rise
time of the digitized excitation waveform used in the calculations. Figure 6-1 plots of the first
0.2 ps of the ARES pulser waveform of Figure 2-2a. These plots are shown for N = 128,
256, 512, 1024, and 2048 points for the entire transient waveform. The rise time of the
excitation is well-defined for the larger number of sample points, but it becomes increasingly
ill-defined and slower for fewer numbers of points.

As an example of the radiated ficlds from ARES for these different excitations, Fig're
6-2 shows the E,-field in the air at location (x,y,z) = (0.1, 20, 10) km. The overall radiated
waveshape is remarkably stable as N varies. Of course, there is loss of internal structure of the
waveform, but its peak amplitude remains robust. Figure 6-3 illustrates the similar behavior of
the £,-field component on the ground at (x,y,z) = (0.1, 2,0) km. For this case, the N = 2048
point case was not computed due to the large amount of computer time required. For these
latter ground location calculations, the fine detail in the waveforms is missing, due to the high-
frequency attenuation of the surface wave. These plots confirm the fact that the radiated fields
are relatively insensitive to the pulser rise-time.

44




550004 Y N N $.S0E-8 ™

(R O LB -1} LTI

3.285e84
E(1)
(v/m3 : ;

3.2
E(t)
{(V/m)
1,00

-2.69t43 .. i i — -2.5%103
0.0M00 4BN-2 00N 1.8 3401 2.0861 S.00I80 SN SWN-C 1M 1.00041 2.9M-01
Time (a) Tune ()a)

(a) N =2048 (b) N=1024

S 585004 — v . .1 r — X T

LR~ 77§ .. .‘ 3. ._ PR PR~ 3 V) SETSp AP

258004 : )

{(V/m) :
2.0t oo e

3
E(t}
(V/m)

2.0z

BT [ oo me oo e mram e (K & -§ 38

-2.890e0 -2.5%83
S.00E08  4ME SMM-R2  12N-S1 1G4 2Sm-e1 G0 NIz S.0M-G2 1S 164 2.9
Tume (#) Tame (s6)

(c) N=512 (d) N=256

S.ENE04

CEEM L. N e

E() I
(V/m}
rocm| .

(X210

-2.6% 81
(K L] <. N5z ¢ .o8r-02 1.300-8) 168283 1.88x-81
Time ()

(e) N=128
Figure 6-1. ARES excitation waveform for various N.

45




1.290+8% - *
7.5 08

e (V/m)

(V/m) :
B I -zacoeml ...\ .} .
RX T . 0% I .

-1.20¢+81

oA 6000t 1.207°00 ).OMiN

Time (;8)

(a) N =2048

1.8l

1.255+81 v v

1.298 1,4‘ ..-_‘ -_-._

L P et ey

EQ)
/) : : :
e Pus EUUUUR WO » AT AN SO

7.8 .......

1. 28501

3.1

1.28k91
7.25500

EQ) z.earemffo . fioon i

~1. 28081

2.95i.08 6.GRi-01 1.200 -5 1.006-08

Tume {s»)

(b) N=1024

.ama

1.085 -0

1.205+88 v

7.385+88

el Yyl
Efy)

(V/m)
2458 | ...

-1.28508

~1.200+01

908188 6.BNE-S1 1.28E-80  1.90E-00 248088 J.08E88 s.om-as L0890 LD;C( 1.00t-00 2.l I WS
Time (s} e ()
(c) N=512 (d) N=256
128581 - -
1.2 ———ie .. R

E()
(Vim)
-2.481+00

r.oeml )l

~1.208+01

S.og-es  6.0M-0

1.205-08

2.0-08

3. @

Time (18)
(e) N=128
Figure 6-2. E,-field in the air at (x,y,z) = (0.1, 20, 10) km for various N.
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SECTION 7
COMPUTER CODE DESCRIPTION

71 CODE OVERVIEW.

The analysis model described in this report has been implemented in a computer code.
The code was used to compute all of the curves in the preceding sections. This program was
written in standard FORTRAN and is designed to be run on PC-class computers. However,
the code is transportable to VAX or Cray machines.

The overall calculational procedure for determining the radiated fields is presented ir.
more detail in Figure 7-1. The measured ARES working volume E-field is used as an input to
deduce an effective voltage waveform for the pulser, and the frequency-domain spectrum of
this excitation is found by a FFT calculation. At each spectral frequency, the current flowing
on the ARES simulator is determined using the transmission line model.

The spectra of the radiated E and H-fields produced by these currents are calculated at
a distant observation point. This is done by integrating over the ARES current distribution. In
most cases, a numerical integration is required. In this procedure, the effects of the lossy
ground-plane are taken into account by the Fresnel reflection coefficients and the Norton
surface wave. For distant, airborne observers, the required integrations may be performed
analytically.

The radiated transient fields are constructed by a Fourier transform inversion of the
spectra of the computed fields. This involves computing the field spectra at a number of
different frequency points, typically 2™ points for the FFT, and then performing a numerical
transform .

The computer program developed for this analysis reads the observation location
(x.y.z) and the earth parameters, &, and Op from a diskfile as input data. It also reads a
control flag to delete the surface or sky wave contributions to the solution if desired, and a flag
to perform the alternate (fast) integration of the radiated fields that neglects the surface wave
contributions. The ARES excitation waveform, or any other desired waveform, is also read
from a diskfile. The output data from this code are the transient E -and H-field components
which are written to disk files.
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Figure 7-1. Summary of the ARES calculational procedure.

49




For the PC machines, there is an additional driving program that provides a user
interface to the FORTRAN code. This interface will automatically generate the ARES driving
waveform with the proper 2™ sample points and has an option for storing just the peak values
of the calculated fields. This is beneficial if many calculations are to be performed and disk
storage of the entire transient records is not feasible. This driver has an easy user-interface
with pull-down menus and an integrated screen plot/graphics routine for obtaining hard copy
of plots. This, however, operates only on the PC and cannot be transported to other
machines.

7.2 COMPUTER REQUIREMENTS FOR ANALYSIS.

The actual analysis is straightforward, but time consuming, due to the numerical
integration and evaluation of the surface wave. The required computer time for conducting an
analysis of the fields depends both on the type of computer used, and on the requirements of
the analysis. The FFT algorithm limits the number of time domain response points to 2™, as
512, 1024, etc. A smaller number of points in the waveform means a faster calculation but
provides an increasingly poor resolution of the response in time.

For a 33 MHz 80386/80387 PC, Figure 7-2 summarizes typical computer time
requirements. This figure gives the CPU time for calculating the transient response at one
observation point for different numbers of points in the waveform. The computed response
actually consists of six separate transient waveforms, as all three vector compenents of both E
and H are computed.

Calcuiation Time for ARES Fields

1801 -
16077 -
1904
1201
T 100
Q
E 80f]
S
60<
40 Ny
201 .
o — — s
128 256 512 1024
Points in FFT

Figure 7-2. Computer time requirements for analysis.
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SECTION 8
SUMMARY

A simple analysis procedure has been developed for approximately computing the
radiated fields on the ground or in the air from ARES. This model employs transmission line
theory to determine the simulator current distribution Once this current is determined, the
radiated fields are computed by integrating over the currents using a Green's function
containing the Norton surface-wave contributions.

A comparison of the calculated responses with the limited measured H-field data
provides a way of validating the accuracy of this analysis. This check of these data showed
very good agreement between the two. This agreement is surprisingly good, considering the
approximate nature of the modeling. In addition, checks on the physical reasonableness of the
calculated responses have been made to insure that the analysis and computer code are
operating correctly.

The numerical calculations of the model have determined that the far fields on the
ground are due primarily to the Norton surface wave contribution. These fields have a slow
rise time and tend to decay faster than //» with the distance from the simulator. The fields in
the air have a faster rise than on the ground, and can be significantly larger in amplitude. For
observation heights over 100 to 200 meters, the surface wave contribution to the radiated
fields has been shown to be relatively small and may be neglected.

A very crude estimate for modifying the fields on the ground due to variations of the
local terrain provided only a very small correction to the responses. Furthermore, the
experimental results showed also only a small effect. In a practical and general sense, the
terrain effects seem to be unimportant. However, there could be important implications in
some particular region of the angle-frequency parameter space. This remains to be determined.

The effect of changing the rise time of the ARES pulser has been investigated. It is
found that the pulser rise-time is not a critical factor in determining the radiated fields away
from the simulator.
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APPENDIX
ACRONYMS
A amperes
A/m amperes per meter
ac alternating current
ARES Advanced Research EMP Simulator
B-dot magnetic field time derivative
CPU central processor unit
dc direct current
DNA Defense Nuclear Agency
E-field electric fields
EM electromagnetic
EMP electromagnetic pulse
FFT fast Fourier transform
H-field magnetic field
km kilometers
kV kilovolts
kV/m kilovolts per meter
m meters
MHz megahertz
us microseconds
ns nanoseconds
PC personal computer
S/m Siemens per meter
TEM transverse electromagnetic
A% volts
V/m volts per meter
VPD vertically polarized dipole
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